The normal incidence transmission loss of a new class of sustainable acoustic materials, i.e. consolidated granular media, has been measured to determine their sound insulating performance. Tests performed on different samples in a standing wave tube suggest that the traditional method employing an anechoic termination assumption can yield serious errors because its accuracy depends significantly on the properties of both the termination and the tested sample. Since it is not possible to implement a perfect anechoic termination over a wide frequency range, a well-developed alternative approach has been adopted. A simple theoretical analysis has been carried out to compare these two methods. It has been shown that the two-load method, based on two sets of measurements with different boundary conditions at the tube termination, can give more reliable and predictable results. Greater discrepancies have been observed in the case of the anechoic termination method applied to samples with higher values of flow resistivity. Results of the two-load method match well with predictions based on a simple model for acoustic transmission through a porous plate.
I. INTRODUCTION
The development of sustainable materials with improved acoustic performances, e.g. recycled materials, has progressively gained interest in recent years. Several consolidated granular media have shown good acoustic absorbing and insulating performance, together with beneficial mechanical properties. This claims both for accurate and fast measurement methods of material characterization. Recently Song et al. 1, 2 suggested a useful bench top experimental technique to determine the normal incidence transmission loss ͑TL͒ by means of an impedance tube and one or more microphones. In this method a relatively small specimen is required so that a rapid laboratory assessment of the acoustic performance on a large selection of materials is possible. The suggested experimental setup, previously used for the characterization of fibrous media, has been adapted to carry out measurements on porous, consolidate granular samples with a relatively high compression modulus and flow resistivity, e.g. consolidated flint, recycled foam, and recycled rubber. Two different methods of data analysis were then adopted: ͑i͒ the analysis of data from the transmission loss tube with an anechoic termination and ͑ii͒ the analysis of data from the same tube, but with open and rigid terminations ͑two-load method͒. In this work we discuss the accuracy of the two methods of measurement and the prediction results.
II. METHODOLOGY
The experimental apparatus ͑see Fig. 1͒ is a custommade 82 mm standing wave tube divided in two 1.0 m long sections: a loudspeaker section and a section with an acoustic termination. The tube material is 8 mm stainless steel mounted on a heavy steel frame to minimize vibration transmission. Each section has been provided with three microphone holders, closed by dummy inserts when unused in the experiment. The material sample with the diameter of 99 mm is inserted and firmly tightened between the two sections using the adjustable screws on two threaded bars as shown in Fig. 1͑b͒ . Before the experiment the edge of the sample is sealed with tape and putty to minimize the flanking transmission. An uPVC sliding seal and two rubber seals ͓see Fig.  1͑b͔͒ are used to ensure the complete seal of the area around the sample. The spacing between microphone holders is 50 mm and positions closest to the sample are 100 mm from the surfaces on each side. A single microphone was adopted in the experiment to take sequential measurements at the four different positions along the tube: this approach avoided the need for an accurate calibration procedure and compensation for the channel mismatch. adopted frequency range at all the microphone positions and for all the measurement regimes. The software was operated at 22 050 Hz sampling frequency and the MLS order was set to 16. Custom-made routines have been developed in Matlab and used to carry out post-processing of the signals. Considering the tube internal diameter and microphone spacing ͑50 mm͒, the expected working frequency range of the apparatus was between 100 and 1700 Hz.
Following Song et al. 1, 2 an approximately anechoic termination was created by stacking inside the downstream section a 150 mm layer of natural wool and a 100 mm layer of more dense fiberglass. The normal incidence absorption coefficient of this termination was measured independently in a standard 99 mm Brüel & Kjaer impedance tube ͑Type 4206͒ controlled with a PULSE system. It does not fall below 0.95 in the 500-2000 Hz frequency range and is greater than 0.76 in the frequency range of 100-500 Hz. The rigid termination was simulated with a 10 mm steel lid, firmly screwed and hermetically sealed at the end of the tube.
The anechoic termination method 2 and the so-called ''two-load'' transfer function method 3, 4 were adopted. In the case of the ''two-load'' method the measurement has to be repeated twice: leaving open the downstream section of the tube and terminating it with a rigid lid. This method obviously implies doubling the number of measurements. However, it can be argued that in a practical measurement setup it would be easier to simulate two independent boundary conditions, such as a rigid and an open termination, rather than an anechoic one, so that the accuracy of the measurements can be enhanced.
The theoretical principle for the transmission loss pipe experiment is schematically illustrated in Fig. 2 . From the frequency responses P 1 -P 4 , from the microphones in positions 1-4, it is possible to calculate the complex amplitudes A -D of the direct, reflected and propagated plane wave components in the upstream and downstream tube sections. The complex amplitudes can be correlated in a matrix representation
where the matrix coefficients depend just on the acoustical properties of the sample. In particular, the transmission coefficient is defined as Tϭ Ϫ1 . In the case of a perfectly anechoic termination (Dϭ0), TL can then be determined from a single measurement of the four impulse responses, 2 i.e. TLϭϪ10 log 10 (͉C/A͉ 2 ). Employing the two-load method, 3 two equations are available: 
In general, the open end termination may not necessarily ensure a perfect pressure release boundary condition, i.e. C o ϭϪD o ͑Ref. 5͒. However, if the two-load method is adopted and the boundary conditions at the far end of the pipe are sufficiently different between the two sets of measurements, e.g. rigid termination versus open termination, then the above expression should be sufficiently accurate throughout the considered frequency range. If the termination is not perfectly anechoic, i.e. has an arbitrary, complex value of the reflection coefficient, R t , then the boundary condition at xϭl yields De ikl ϭR t Ce Ϫikl so that a ϭA/C ϭϩ␤R t e Ϫ2ikl , and the transmission coefficient
Here, the subscript a stands for the experiment with a nonperfectly anechoic termination. Thus T a depends not just on the actual transmission coefficient of the sample T, but also on the distance to the anechoic termination (l) and on the acoustical properties of the termination (R t ) and of the sample itself ͑␤͒. Therefore, even for small values of ͉R t ͉ a significant error can occur with a nonperfectly anechoic termination. In the case of materials with medium and low porosity and high flow resistivity the effect of ␤ and nonzero phase angles ͓see in Eq. ͑1͔͒ is likely to be more pronounced and should result in oscillations of the TL spectrum across the considered frequency range. Such an effect can be observed in the results obtained by Bolton et al. 6 for automotive sealant materials ͑foams͒ tested using the anechoic termination method. In the case of materials with high porosity and low or medium flow resistivity, such effects may be marginal, as is evident from the results for fiber glass presented by Song et al. 1, 2 Both methods have been tested on samples of three different materials: a sample ͑C͒ manufactured from flint particles mixed with epoxi-resin binder ͑Coustone™͒, a sample ͑F͒ made from consolidated particles of recycled automotive foam and a sample ͑R͒ of consolidated particles of recycled tyres both mixed with polyurethane ͑PU͒ binder. The process of manufacturing of these materials has been detailed by Swift. 7 The choice of rigid frame granular porous materials with a relatively high compression modulus and the design of the tube allowed the sample to be tightly secured between the two sections in a manner which limited the effect of circumferential edge constraint reported and modelled by Song et al. 2 for glass fibers. In order to compare the measured acoustic characteristics with the predictions by an established model for sound propagation in granular media, samples of the three materials were tested in the standard impedance tube to obtain the surface impedance ratios with rigid backing. The values of the relevant nonacoustic parameters were determined using standard testing methods and are summarized in Table I .
The normalized surface impedance of the hard-backed samples was predicted using the 2-parameter Padé approximation model 8 and validated against the impedance tube data. The maximum relative errors between the measured and predicted values of the impedance have been estimated as 13%, 24% and 27% for samples R, C and F, respectively. Finally, the measured and deduced values of nonacoustic parameters were used to predict the transmission loss calculated according to the expressions proposed by Horoshenkov et al. 9 These results were compared against the measured data.
III. RESULTS
The impedance tube data for the complex reflection coefficient, R t , of the anechoic termination can be used to estimate its effect on the measured values of the transmission loss using Eq. ͑1͒. The experimental data show noticeable fluctuations in the TL spectrum measured with the anechoic termination method without compensation for R t 0 ͑squares in Fig. 3͒ . Substantial discrepancies of Ϯ2 dB at 200 Hz, where the two-load method provides a TL of 6 dB, can be observed. If the effect of the imperfectly anechoic termination is accounted for, using Eq. ͑1͒, then an improved agreement between the two methods of measurement can be observed ͑dotted line in Fig. 3͒ . These results define the theoretical limit of accuracy of the anechoic termination method for the available type of termination and the acoustic properties of material sample C. Similar results were observed for the other two material samples considered in this work.
Experimental results for the TL of the samples of rubber and consolidated foam are presented in Fig. 4 , both for the two-load method and for the anechoic termination method. Significant differences between the two experimental sets of data can be observed for sample F ͑5 dB at 200 Hz and 3 dB at 400 Hz͒. The data confirms that the discrepancy between the two methods becomes more significant as the material flow resistivity increases, as in the case of sample F, so that the ͉T͉͉␤͉͉R t ͉ term in the denominator of Eq. ͑1͒ is no longer small. Repeating the two-load experiment ten times, the maximum standard deviation in the measured values of the transmission loss was estimated as 0.5 dB which supports well the repeatability of the two-load method. Figure 5 shows a comparison between the predicted and measured data obtained from the two-load experiment. The predicted and experimental data match closely for samples R and C, although some discrepancy in the medium and higher frequency range can be observed in the case of sample F. This phenomenon can be related to the method of support and the finite dimensions of the material sample which are not accounted for by the adopted theoretical model. It can also be linked to possible errors in measuring the flow resistivity and tortuosity, which values are relatively high in the case of sample F.
The measured data for sample F show a minimum around 600 Hz which, according to Song et al., 2 is likely to be linked to the circumferential edge constraint of the sample. A proof is indirectly provided by the fact that, at low frequencies, the measured TL recovers to a finite limit of 15 dB that can be predicted, according to Song et al., 2 by T f →0 ϭ2 0 c/(2 0 cϩd), 0 being the density of air, c the speed of sound and the material flow resistivity ͑see Fig.  5͒ .
IV. CONCLUSIONS
Two bench top methods of measurement of the transmission loss coefficient have been investigated and their accuracy has been compared on three samples of consolidated granular materials. These are: ͑i͒ the transmission loss tube with an anechoic termination method; and ͑ii͒ the two-load method. It has been shown that the accuracy of method ͑i͒ can significantly depend on the quality of the anechoic termination and on the acoustic properties of the tested material. A perfect anechoic termination is difficult or impossible to implement. If the termination is not perfectly anechoic, then the accuracy of this method can be improved if the data on the impedance of the anechoic termination and the tested sample are included in the calculations. This procedure may not be required if the flow resistivity of the porous samples is limited and the porosity is high, as shown in the work by Song et al. 2 The results reported here that the two-load method can provide a simple and reliable alternative to the anechoic termination method if the transmission loss measurements need to be performed on acoustic materials with a relatively high flow resistivity and limited values of porosity. This method is quick and stable over a broad frequency range and the experimental results are found to match well with the predictions based on a simple predictive model for poroelastic plates. 
